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Abstract 
This work presents novel Capacitive Micromachined Ultrasonic Transducers (CMUTs) and their characterization in terms of 
ultrasound directionality. The devices are formed by 27 membranes, integrated on the same die and connected in parallel, 
featuring a 1 Pm gap between the membrane and the bottom electrode, and directly coupling to air at 2.23 MHz. Exploiting the 
information on the amplitude and delay of the received ultrasonic waves, a directionality profile showing a 14° full width at half 
maximum (FWHM) and a 0.5-5 cm distance operative range are demonstrated. Object localization experiments show a 2D 
relative position reconstruction error around 5%. 
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1. Introduction 
Micromachined ultrasound transducers (MUT) represent a quickly emerging technology for several applications, 
including proximity sensors, gesture recognition, object localization, gas flow sensing, and endoscopic ultrasound 
imaging [1-3]. Such devices are generally formed by single or multiple membranes: when properly actuated, their 
deflection generates emission of pressure waves; dually, when the membranes are hit by an ultrasound wave, their 
deflection can be used to detect the impinging pressure [4]. Electrostatic or piezoelectric actuation and detection are 
alternative techniques to design and fabricate these transducers. In the former situation, the membrane forms a 
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capacitance with respect to the fixed substrate (CMUT). In the latter situation, a piezoelectric material (usually PZT 
or AlN) is stacked on the membrane with proper access electrodes (PMUT). 
Whatever the exploited principle, and for several of the mentioned fields, the transducers are designed to obtain a 
specific, application-oriented emission profile. It is therefore relevant to accurately validate the directionality in 
order (i) to refine the membrane finite element models in the pressure waves physic domain, and/or (ii) to optimize 
the reconstruction algorithms against the measured profile. 
This work presents a novel CMUT device built in a surface micromachining process with a 1 Pm vacuum gap 
between the membrane and the substrate. The device is first characterized to find its electromechanical parameters, 
and then mounted on an optical setup and operated in air to evaluate the emission efficiency, the detection 
sensitivity, and the directionality profile. 
2. Devices description and electromechanical characterization 
The devices of this work, shown in Fig. 1a, are an improved version of the ones presented in [5]. Each transducer 
consists in a cluster of 27 CMUT membranes with 49 Pm radiuses, electrically connected in parallel so that they are 
all actuated and read out at the same time. A CMUT membrane can be operated in its linear region for lower 
displacements with respect to a PMUT: therefore, in order to increase the pressure power in emission-mode, as well 
as to increase the sensitivity in detection-mode, the use of several membranes is often exploited [6]. 
 
 
Fig. 1. (a) Optical microscope picture of one device tested in this work, formed by 27 membranes; (b) response to quasi-stationary increasing 
voltage applied between the membrane electrodes; (c) spectral characterization of the membranes admittance. 
The fabrication process of these transducers relies on the cavity definition through the removal of a sacrificial 
layer through a wet HF attack, as described in more details in [7]. Due to this delicate process and due to the 
presence of several materials forming the membranes, the measurement of the electromechanical parameters is 
needed to help estimating the electro-acoustical coupling efficiencies. A complete mechanical characterization 
allows to measure the elastic stiffness from quasi-stationary CV curves (see Fig. 1b) and the resonance frequency 
and the quality factor from a fitting of the spectral responses, as shown in Fig. 1c for different biasing voltages. The 
obtained stiffness is k = 383 N/m, the resonance frequency is f0 = 2.23 MHz, and the quality factor is Q = 70. 
3. Set-up for emission profile characterization 
The set-up used for ultrasound operation is constituted by two CMUTs, one emitting and one receiving, housed 
on two suitable custom electronic boards parallel one other. To measure the emission profile one CMUT is kept in a 
fixed position while the other one is moved at carefully determined distances and angles, with the aid of mechanical 
micrometric positioners. The system, schematically represented in Fig. 2a and shown in Fig. 2b is built on an optical 
tabletop, to improve the alignment precision. 
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The emitter is driven by a burst of 60 cycles at the resonance frequency of the transducer, to exploit the quality 
factor amplification (Q ~ 70). Fig. 2c shows the oscilloscope trace of typical received signals. These signals are 
further demodulated and filtered, and the corresponding time of flights (TOF) are evaluated from their best fitting to 
the known analytic function of the envelope, as shown in the inset of the figure. 
 
 
Fig. 2. (a) Principle scheme of the transmission of ultrasound waves; (b) picture of the set up for emission profile measurements; (c) waveforms 
acquired by three different CMUTs and envelope obtained by filtering the received signal. 
4. Experimental results 
 In Fig. 3a the 2D emission profile of the received amplitudes, obtained with the set up described in Section 3, is 
shown. Fig. 3b and 3c report two corresponding cut-lines showing the dependencies on distance and angle of the 
transmitted ultrasound: the FWHM angle of the received acoustic pressure level is ~14° independently from the 
distance. The exponential attenuation of the received signal as a function of distance confirms air absorption to be 
dominant over beam spreading for all the considered distances [8]. The measured emitter efficiency (ratio of emitted 
pressure over driving voltage) is 48 Pa/V and the measured receiver sensitivity (ratio of output current over 
impinging pressure) is 389 nA/Pa, when the membranes are biased with 15 V. 
 
 
Fig. 3. (a) Amplitude of the received signal for different positions of the emitter relative to the receiver; (b) cut-line on a circumference at three 
different radii and (c) pressure with the two CMUTs aligned in front of each other for distances up to 5cm. 
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Fig. 4. (a) Optical microscope picture of three transducers aligned and wire-bonded on the same carrier; (b) emitter positions measured with three 
CMUTs moving the emitter in the direction normal to the receiver’s array and (c) relative percentage error. 
Localization of an emitter at different positions is obtained by putting three receiving CMUTs aside on the same 
ceramic carrier, as shown in Fig. 4a. The localization algorithm relies on the comparison between the different TOFs 
measured at the three channels. 
In Fig. 4b the real and reconstructed emitter positions are reported, with respect to the receivers situated in the 
origin of the axis and on the two sides at pitches of x = ±1.1 mm. The measurements confirm relative percentage 
localization errors lower than 5% for most of the points (see Fig. 4c). The higher error measured at low distances is 
due to the increasing angle between the emitter and the lateral receivers. 
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